Abstract In this paper, we compile the very-highenergy and high-energy spectral indices of 43 BL Lac objects from the literature. Based on a simple math model, ∆Γ obs = αz + β, we present evidence for the origin of an observed spectral break that is denoted by the difference between the observed very-high-energy and high-energy spectral indices, ∆Γ obs . We find by linear regression analysis that α = 0 and β = 0. These results suggest that the extragalactic background light attenuation and the intrinsic curvature dominate on the GeV-TeV γ-ray energy spectral break of BL Lac objects. We argue that the extragalactic background light attenuation is an exclusive explanation for the redshift evolution of the observed spectral break.
Introduction
BL Lac objects show that continuum emission, arising from the jet emission taking place in an AGN whose jet axis is closely aligned with the observer's line of the sight, is dominated by non-thermal emission, as well as rapid and large amplitude variability. Their spectral energy distributions (SEDs) are characterized by two distinct broad bumps, implying two emission components (e.g., Paggi 2009) . It is widely believed that the first bump is produced by electron synchrotron radiation. The second bump is probably produced by inverse Compton scattering off the relativistic electrons, either on the synchrotron photons (Maraschi et al. 1992) or on some other photon populations (Dermer et al. 1993; Sikora et al. 1994) . These processes should result in a smooth spectrum in the γ-ray band. However, the SED shows a tendency with steepening toward higher energies (Costamante 2013; Dwek and Krennrich 2013) . This tendency indicates a spectral break in different bands.
Extragalactic background light (EBL) is the diffuse and isotropic radiation fields from ultraviolet to far-infrared wavelengths (Hauser and Dwek 2001) . It plays an important role in the formation and evolution of stellar objects and galaxies. Since the veryhigh-energy (VHE, 100 GeV≤ E < 10TeV) γ-ray photons propagate through cosmic space, they can interact with EBL photons producing the electron-positron pairs (i.e., γ V HE + γ EBL → e + + e − , e.g., Stecker et al. 1992; Stecker and Jager 1998; Franceschini et al. 2008 ), which will steepen the observed spectrum (Ackermann and Ajello 2012; Sanchez et al. 2013) . If the γ-ray radiation from BL Lacs cannot be attenuated by either the secondary cascade (Essey and Kusenko 2012; Zheng and Kang 2013; Zheng et al. 2016) or the axion-like particle conversion (Horns and Meyer 2012) , we should expect a distinctive EBL attenuation characteristic (e.g., Kneiske et al. 2004; Imran and Krennrich 2008; Franceschini et al. 2008; Tavecchio and Mazin 2009) at high energies in gammaray sources. Taking the EBL attenuation into account during the γ-ray propagation, we expect a difference in the observed high energy (HE, 100 MeV ≤ E < 300GeV) and VHE spectrum of BL Lacs.
In order to determine the spectral break, Domínguez and Ajello (2015) selected 128 extragalactic sources from the second catalog of Fermi-LAT sources (2FHL), which is observed in HE bands extending in energy from 50 GeV to 2 TeV. Nevertheless, the study of the spectral break mechanism with the 2FHL catalog cannot explain the spectrum detected with energies higher than 2 TeV. Owing to the MAGIC, HESS, and VERITAS broadening of the 2FHL spectra (Funk 2012) , we can study the relativistic particle acceleration (Holder 2012 ) and the spectral energy break. Additionally, the sources of the 2FHL catalog used by Domínguez and Ajello (2015) included the flat spectrum radio quasars (FSRQs), whose GeV-TeV spectrum would be contributed by the photon populations of the broad line region (BLR) or of the accretion disk (Poutanen and Stern 2010; Ackermann and Ajello 2012) . This results from without a significant EBL attenuation in the SED of FSRQs. Therefore, we focus on the spectra of BL Lacs.
In order to clarify the spectral break mechanism, in this paper we focus on the analysis of the GeV-TeV energy spectral index of the BL Lac objects. Our goal is to determine whether the EBL attenuation is the exclusive origin of the energy spectral break of the BL Lac objects. Since the observed spectrum is attenuated by EBL, we should obtain the absorption-corrected spectrum. In Section 2, we describe the sample; in Section 3, we compare the observed spectrum and intrinsic spectrum; in Section 4, we analyze the origin of spectral break; and in Section 5, we provide our conclusions and a discussion.
Sample Description
We compile the sources from the TeV catalog 1 and Fermi LAT third source Catalog (3FGL) 2 to determine the spectral break. The TeV catalog provides the observed VHE spectral indices (Holder 2012) , and the 3FGL Catalog provides the observed HE spectral indices. Since the intrinsic spectral indices (unattenuated by the EBL) cannot be obtained directly, we should correct to the observed VHE spectrum.
Generally, the observed VHE spectrum could be described by dN/dE ∝ E −Γ HE,obs and the observed VHE spectrum could be described by dN/dE ∝ E −Γ V HE,obs , where Γ HE,obs , Γ V HE,obs is the observed spectral index in the HE and VHE regimes, respectively. In most cases, the distinct attenuation signature on the spectrum appears above 100 GeV (Zheng and Kang 2013; Zheng et al. 2016) , so it indicates that the observed HE spectral index is equivalent to the intrinsic HE spectral index (i.e.,Γ HE,obs = Γ HE,int ). Compared to the observed VHE spectrum, the intrinsic VHE spectrum is an EBL-corrected spectrum, which could be obtained by the following equation (Albert et al. 2007, Raue and Mazin 2008) :
where τ γγ (E, z) is the EBL absorption depth for a photon with energy E traveling from a source at redshift z. We use the average EBL model of Dwek and Krennrich (2005) to calculate τ γγ (E, z) and then obtain the intrinsic VHE spectral index. Table 1 lists 43 observed and intrinsic VHE spectral indices (i.e., Γ V HE,obs and Γ V HE,int ) and 43 HE spectral indices (i.e., Γ HE ) that are associated with the VHE spectrum. According to the synchronous peak frequency, one of all sources is lowfrequency-peaked BL Lacs (LBL, ν 
Comparing Observed Spectrum and Intrinsic Spectrum
In Figure 1 we show the distribution of the intrinsic spectral indices and observed spectral indices. It can be seen that the distributions of intrinsic spectral indices are concentrated in the region of a smaller index. We use the likelihood methodology described by Venters and Pavlidou (2007) to estimate the mean and spread of distributions. We find that the mean observed and intrinsic indices are Γ 0,obs = 3.10 and Γ 0,int = 2.05, respectively. These signatures are the certain results of EBL corrections. Since the value of the mean intrinsic index is less than the mean observed index, we thus believe that the intrinsic spectrum is a hard spectrum. The spreads of the observed and intrinsic indices are σ 0,obs = 0.43 and σ 0,int = 1.39, respectively, and σ 0,obs is obviously less than σ 0,int . In this case, we use a simple mathematical calculation to recalculate their spread, and the results are listed as follows: (1) for all of BL Lacs, σ obs = 0.35 and σ int = 0.48; (2) for HBL objects, σ obs = 0.36 and σ int = 0.39.
We can see that the difference between σ obs and σ int for HBL objects is small, while it is large for the case of all BL Lacs, which could also be applied to the case of maximum-likelihood spread. This indicates that the intrinsic property of the synchrotron peak may influence the variance of all BL Lacs. Additionally, the simulation of the intrinsic spectral index with different EBL models will bring some errors to the maximumlikelihood spread. If the above effects are not regarded, the differences between the observed and intrinsic likelihood spreads will be negligible, and it would also imply a similar confidence level for our work. The redshift evolution of the intrinsic VHE spectral indices is shown in Figure 2 . We can see the intrinsic spectral indices do not change with redshift. The median indices (black pentagrams) are in three redshift bins with their 1σ uncertainties, which are obtained by the distribution of sources in each redshift bin. The median cannot affect the distribution of the VHE intrinsic index. The intrinsic spectral index is obtained by the correction of the EBL, which would be expected to be softer than 1.5 (i.e., Γ int ≥ 1.5), which directly links the intrinsic spectra with the observed spectra (Gilmore et al. 2012 ). Thus, we can see most of the sources are within 1σ and their indices are above the horizontal line graphed with Γ int = 1.5, which is typically taken as the hardest spectrum.
Analyzing Spectral Break
As first suggested by Scully (2006, 2010) , we employ the simple linear relation ∆Γ obs = αz + β for determining the effect of EBL absorption on the observed spectral break. We then use a statistical anal- Fig. 2 Relation of the intrinsic VHE spectral indices with redshift. As shown above, solid red dots represent LBLs, green squares represent IBLs, and solid blue triangles represent HBLs. The error is derived from the MAGIC, HESS, and VERITAS telescopes. Solid black pentagons represent the median of sources within each redshift bin (i.e., we can obtain three redshift bins), the 1σ uncertainties of the median are plotted by the gray box. According to our analysis, all our sources are nearly softer than 1.5, and this lower limit is plotted by a red horizontal line.
ysis based on data from the Fermi and TeV catalogs of BL Lac objects to determine the parameters α and β. Based on the four power-law indices above (i.e., Γ V HE,obs , Γ V HE,int , Γ HE,obs , and Γ HE,int ), we analyze the difference between the observed and intrinsic indices; that is, the spectral break between the VHEs and HEs. Since the VHE γ-ray photons could be absorbed by the EBL, we should expect that any significant break in the measured spectrum is the result of EBL absorption (e.g., Sanchez et al. 2013 ). This results from the relations both Γ HE,obs = Γ HE,int and Γ V HE,obs = Γ V HE,int + ∆Γ EBL (E, z). Obviously, the EBL-induced break should increase linearly with the redshift z, and we could expect a relationship with ∆Γ EBL (E, z) = αz.
We now confirm the relationship between the EBL attenuation and redshift [i.e., ∆Γ EBL (E, z) = αz] using the observed results. The EBL attenuation can be represented as the difference between the observed and intrinsic VHE spectral index, e.g., Γ V HE,obs − Γ V HE,int . Figure 3 plots the evolution of the EBL attenuation with redshift (the red dotted line), which is compatible with the result of linear regression; that is, ∆Γ EBL (E, z) = (8.65 ± 0.13)z + (−0.08 ± 0.02) with a correlation coefficient r = 0.99. The influence of EBL attenuation cannot be removed due to α = 8.65 ± 0.13 = 0, but that from other physical properties that are independent of redshift is negligible due to β = −0.08 ± 0.02 ≈ 0. This conclusion satisfies the correlation ∆Γ EBL (E, z) = αz. According to the equation ∆ΓEBL(E, z) = Γ V HE,obs − ΓV HE,int, ∆ΓEBL(E, z) reflects the effect of the EBL attenuation. The red dotted line is the best-fit straight line to the data points. Boxes, symbols, and colors of those sources are the same as in Figure 2 .
The observed spectral break could be represented as the difference between the observed VHE and HE spectral indices; that is, ∆Γ obs = Γ V HE,obs − Γ HE,obs . Similarly, the intrinsic spectral break could be represented as the difference between the intrinsic VHE and HE spectral index; that is, ∆Γ int = Γ V HE,int − Γ HE,int . Therefore, we can obtain a relation of the observed spectral break and redshift; that is, ∆Γ obs = Γ V HE,obs − Γ HE,obs = Γ V HE,int − Γ HE,int + ∆Γ EBL (E, z) = ∆Γ EBL (E, z) + ∆Γ int = αz + β, where we expect ∆Γ int = β and β is related to the intrinsic curvature (Stecker and Scully 2010; Domínguez and Ajello 2015) . Corresponding to the relation of observed spectral break with redshift, we derived the best-fitting line (Figure 4 , red dotted line) of the sample and its correlation coefficient, e.g., ∆Γ obs = (3.60 ± 0.60)z + (0.83 ± 0.06) and r = 0.52. Since the the expression of the simulation shows that α = 3.60 ± 0.60 = 0 and β = 0.83 ± 0.06 = 0, the observed spectral break is determined by EBL attenuation and intrinsic curvature. This conclusion also indicates why the correlation coefficient in Figure 4 is smaller than that in Figure 3 .
In this mathematical model, the value of β relates to the intrinsic curvature that could be represented as the difference between the spectral index before and after the peak frequency (Chen 2014) . Based on the above analysis, we must obtain the relationship between the observed spectral break and redshift using theoretical models. Using a synchronous self-Compton (SSC) model with a broken-power-law electron-energy distribution that can account for the intrinsic curvature (Paggi 2009) Fig. 4 Relationship between the observed spectral break and redshift. Errors bars are the sum of the errors of the observed VHE and HE spectral indices, but the boxes, symbols, and colors of the others are the same as in Figure 2 . Red dotted line is the best-fit straight line according to the model, ∆Γ obs = αz + β. Gray shaded band indicates EBL attenuation and the intrinsic curvature. Note that the signature of spectral break is more obvious at higher redshift.
calculate the model spectral break Aharonian et al. 2007a) . We show the model results in a 68% confidence level as a gray-shadow band in Figure 4 . It can be seen that the evolution of the observed spectral break with redshift can be explained by the EBL attenuation.
The result of the evolution of the intrinsic spectral break (i.e., Γ V HE,int − Γ HE,obs ) with redshift is shown in Figure 5 . The intrinsic spectral break has not suffered from the affect of EBL since the intrinsic spectrum is an EBL unattenuated spectrum. As seen in Figure  5 , the intrinsic spectral break is largely independent of redshift, and the distribution of the median also cannot affect this research. Then, we employ the SSC model to calculate the gray-shadow band, and this gray-shadow band is consistent with the relation ∆Γ int = β. Combined with these methods, we find α = 0 and β = 0, indicating that the EBL attenuation cannot affect the intrinsic spectral break, except for some physical processes (intrinsic curvature).
Conclusions and Discussion
In this paper, we compile the GeV-TeV energy spectral indices of 43 BL Lac objects to analyze the scatter of the γ-ray observed spectra and intrinsic spectra. We found that the mean observed index is significantly higher than the mean intrinsic index (i.e., Γ 0,obs = 3.10 for observed spectrum and Γ 0,int = 2.05 for the intrinsic spectrum), implying that the intrinsic spectrum is IBLs HBLa Fig. 5 Intrinsic spectral break vs redshift. EBL attenuation has been excluded by the property of the intrinsic spectral break; only the blazar physics (intrinsic curvature) can affect this relationship. Gray shaded band is consistent with the mathematical model, ∆Γint = β. Boxes, symbols, and colors of those sources are the same as in Figure 2. a hard spectrum. It was also proved that the observed spectrum is attenuated by EBL, which would reduce the mean spectral index.
We focus on a relationship, ∆Γ obs = αz + β, between the observed spectral break and redshift. Three cases exist for this mathematical model, as follows:
1. When α = 0 and β = 0, the equation can be replaced by the relationship between EBL attenuation and redshift, ∆Γ EBL (E, z) = Γ V HE,obs − Γ V HE,int , which is not in accord with the observed spectral break. This shows that the EBL attenuation will change with redshift, especially for the high-redshift spectrum. 2. When α = 0 and β = 0, the origin of the observed spectral break can be affirmed by linear regression and the simulation of theoretical models (i.e., SSC and EBL models). The observed spectral break is determined by the EBL attenuation and the intrinsic curvature (some blazar physics processes) due to the facts that α = 0 and β = 0. 3. When α = 0 and β = 0, the equation relates to the difference between the the intrinsic spectral index at VHEs and spectral index at HEs (intrinsic spectral break), ∆Γ int = Γ V HE,int − Γ HE,obs . In this case, we only study the evolution of the intrinsic spectral break with redshift. The EBL attenuation is removed due to the property of the intrinsic spectral break. From the distribution of intrinsic break and the simulation, the intrinsic curvatures play a crucial role in the intrinsic spectral break, and they cannot evolve with redshift.
Owing to the statistical results, α = 3.60 ± 0.72 = 0 and β = 0.83 ± 0.13 = 0, it is suggested that the observed spectral break is dominated by EBL attenuation and the intrinsic curvature (some blazar physics processes). This confirms that EBL attenuation is an origin for the observed spectral break that has evolved with redshift.
Although we have verified that the EBL attenuation is an origin for the observed spectral break of the BL Lac objects, according to the statistical results β = 0 the study of β will become indispensable. Some different methods can be used to simulate the spectrum, Tramacere et al. (2011) employed the logparabolic-law (log-parabolic-law electron-energy distribution) SSC model to obtain the intrinsic curvature. However, our research employed the broken-power law SSC model to obtain it. Different methods will lead to different electron spectra, which could affect the intrinsic curvature. Additionally, the intrinsic curvature also can be interpreted by the Klein-Nishina suppression (emission effects) or a turnover in the distribution of the underlying emitting particles (acceleration effects, e.g., Sanchez et al. 2013 .) The redshift evolution of the observed spectral break can be explained solely by EBL attenuation (without the secondary cascades or axionlike particle conversion), and there is also no evidence of evolution with redshift of the physics that drives the photon emission (Domínguez and Ajello 2015) .
